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Abstract: Non-equilibrium Green’s function (NEGF) is a popular method for simulation and modelling of non-equilibrium
electron quantum ballistic transport in open mesoscopic system, which is double-gate (DG) nano-MOSFET in this paper, with
self-energy scattering effects. In this paper, on-line device simulator nanoMOS using NEGF with finite difference method
(FDM) discretization is used to obtain current-voltage (I-V) graph. The simulated on-state current is compared with the
calculated and plotted using freeware Scilab code without including NEGF with FDM method to demonstrate the flexibility
and accuracy of NEGF with FDM method. Accuracy of 92% is achieved. The difference in due to output resistance at saturation
region of [-V curve. Also, this quantum transport model is compared with two others electron transport models derived through
Boltzmann statistics along with Einstein relationship, one with high drain bias while other with traditional MOSFET model
with ballistic mobility. After analysis, these two approximated equations show 0.87 and 8.8 times, respectively, matches
against simulated value. Obviously, nano-MOSFET under high drain bias is closely matched with the quantum model. The
traditional MOSFET with ballistic mobility is suitable for very-short-channel length devices (like DG nano-MOSFET) and
III-V channel materials with very high-real mobility devices.
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1. INTRODUCTION

Currently, complementary metal-oxide-semiconductor (CMOS) technology forms the backbone of digital consumer products
such as mobile phones and computers. Millions of CMOS units can be interconnected to form micro-processor unit suitable
for those consumer products to do complicated arithmetic and logical operations. One major challenge of this digital
technology is the drastic requirement of high-speed logic circuits within a small chip. This can be achieved by downscaling of
nano-MOSFETs. Continuous downscaling of nano-MOSFET to nanometer regime has caused researchers to describe the
electron transport in silicon channel by quantum mechanical features [1, 2]. This electron quantum transport has to be studied
through numerical modelling of open quantum device [3, 4]. This development requires the utilization of computer simulation
to investigate electrical characteristics of nano-MOSFET [5-8]. This paper emphasizes on current-voltage (I-V) curve and
equations with proper electron transport models [9]. In order to exploit the high speed processing power of computer
simulation, on-line device simulator nanoMOS using Non-equilibrium Green’s function (NEGF) with finite difference method
(FDM) discretization has been adopted [10]. The important concept of NEGF with FDM method is justified by Scilab plot
without including NEGF with FDM method [11].

2. REVIEW OF THE NEGF FORMALISM AND SELF-CONSISTENT SOLUTION

Figure 1 shows the device structure and contacts which is used in nanoMOS simulation tool to produce I-V curve [12, 13]. Qp
is the device region which includes the contacts and device. (), is the area of contact @ where @ = 1,2,3,4. T, is defined as the
boundary between (1, and . ) denotes the entire region of the device and the contacts. The above domain is summarized in
Equation (1) to (3):

Q = QD U (E(XQ(Z) = QD U (Ql + Qz + 93 + 94) (1)
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Figure 1. Structural DG nano-MOSFET used in nanoMOS simulation tool with contacts and device

Table 1. Device simulation settings of Figure 1

Double Gate nano-MOSFET Device Simulation Parameters

Vs 0.60 V Source Length/Drain Length (Lsp) 7.5 nm
Vbs 0.60 V Silicon Channel Thickness (Ts;) 1.5 nm
Ambient Temperature 300 K Top/Bottom Oxide Insulator Thickness (Tox) 1.5 nm
Vr 0.20V Top/Bottom Insulator Relative Dielectric Constant 3.9
Source/Drain Doping Concentration (Np) | 1x10% cm™ | Longitudinal Relative Electron Mass Ratio 0.98
Body Doping Concentration 0 cm™ Transverse Relative Electron Mass Ratio 0.19
Channel Length (L) 10 nm Channel Body Relative Dielectric Constant 11.7
Source/Drain Overlap 0 nm Top/Bottom Gate Contact Work Function 4.188 eV

=l =2, = - +L++1,) 2)

I, =Tp NdQ, with [, =0Q, 3)

Table 1 shows the device settings parameters of Figure 1 [14]. Practically, only the device domain 25, is used by Green’s
function, which is defined in Equation (4) for a certain energy E, without considering the Green’s function for the rest of the
exterior domain. A self-energy X term is included to describe the effect of contacts where the Hamiltonian H° is given by
Equation (5).

(E-—H'-2)G(rr)=860r-1"),rr €eq, 4)
0o _My. (1
H™ = 2 v (m(r) V) +Vr) ©)
Numerical discretization method for this Hamiltonian is FDM [15]. Q is the region where actual computation is carried
out. Also, r = (x,z) and V= (:—x,;—z). m(r) is the effective mass of the system, V(r) is the potential energy and Planck’s

constant is 2rh. The self-energy is £ = Y., X% + Z° where £¢ is the coupling between contact ¢ and device. Meanwhile, X° is
the spatially distributed self-energy of scattering events (for instance electrons-impurities and electrons-phonons interaction).
For ballistic transport condition, £° = 0. Assumption of decoupling of self-energies between scattering events and different
contacts is considered [16,17].

For a given energy E, self-energies and Green’s function are solved numerically. The resulting solutions are expressed by
boldface style in matrix form, that are G(E) and X%(E). As discretization of §(r — ') is an identity matrix I, Equation (4)
becomes Equation (6).
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G(E) = (E(E) —H°(E) — X Z*(E) ™ (6)

The non-equilibrium density matrix is given by Equation (7).

p==[""%, fein(E — u)A*(E) dE (7)

2 Y

where the contact « Fermi level is p, and the Fermi-Dirac distribution function, fgp, is denoted by Equation (8).

fin(E = ) = (1 +exp (’%‘;‘)) ®)

with temperature T and Boltzmann constant k5. A%(E) is the spectral function denoted as Equation (9).
A%(E) = G(E)T*(E)G'(E) ©)

The dissipative effects of contact a@ is described by broadening function I'“(E), which is the imaginary part of the
corresponding contact, that is in Equation (10).

r(g) = i (2%(E) - (za(E))*) (10)

All the quantities described above are used to compute experimental observables, for example current. The diagonal
elements of the density matrix give the electron density n(r) which depends on the potential V() [18]. By considering the
space charge effect, the potential distribution is calculated self-consistently by coupling NEGF and the Poisson equation (stated
in Equation (11)).

-V (e(r)VV(r)) = e(—n(r) + Nd(r)) (11)

with dielectric constant &(r) and doping density N, () and electronic charge e. The boundary condition of V () will be stated

in Section 5.

The self-consistent iteration procedure is as follows:

e  Step 1: Start with an initial potential V (r) = V;,. Assume V; is the newly calculated potential of ith iteration which is used
to compute V4.

e Step 2: Based on V;, solve Green’s function G(E) and self-energies £*(E) and then the spectral function A*(E) for a
given energy E.

e Step 3: By integrating the density matrix p with respect to the energy E, electron density n(r) is obtained. For this
integration, Step 2 is repeated for different sampling values of E. The self-consistent convergence parameter is set to 0.001
eV in nanoMOS.

e  Step 4: Obtain a new potential V;,, by inserting the electron density n(r) into the Poisson Equation (11).

e Step 5: If ||V; — Vil < € (which is Poisson convergence parameter 1x10° eV), stop the iteration procedure, otherwise
repeat the procedure from Step 2.

Since the initial guess of subband energy potential is around -0.1 eV according to Schrodinger equation, the magnitude of
self-consistent convergence parameter is set around 100 times smaller, which is 0.001 eV. The convergence parameters for
this simulation are subband energy potential (by Schrodinger equation) and electric potential (by Poisson Equation) value.
Lastly, the ballistic electron current flow from source (contact 1) to drain (contact 2) of nano-MOSFET in Figure 1 is given by
Equation (12).

I == [""TE) (fro(E — p)~frp(E — 2))dE (12)
with transmission coefficient defined by Equation (13).
T(E) = Trace (rl(E)G(E)rz(E)c:*(E)) (13)

3. TWO-DIMENSIONAL NEGF WITH FDM FOR QUANTUM DEVICE

Different method of discretization for quantum device (for example finite difference method (FDM) and finite element method
(FEM)) produce different forms of G and £¥ numerically. In this paper, FDM is used. Figure 2 shows an ultra-thin MOSFET
simulation strip region (), which consists of 3 sub-regions; source (contact 1) £),, device area (), and drain (contact 2) (),. The
horizontal node spacing a is 0.3 nm and the vertical node spacing b is 0.15 nm. The summarize of domain is stated in Equation

(14).
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Figure 2. 2-dimensional discretization showing uniform mesh with grid spacing, a (horizontal) and b (vertical)

Q=0,UQpUQ,
Q ={(x,2)|x € (—o0,x1),z € [0, T]}
Qp = {(x,z)lx € [xl,xNx],Z € [0, T]}
Q, = {(x, Z)|x € (xNx,+00),z € [0, T]}
I =00,nd0, ={(x,2)|x =x,,2€[0,T]} (14)
r,=0Q,Nn0Q, = {(x,z)lx = xy,, 2 € [0, T]}
[} ={(x,2)|x = [0, +],z =T}
I, = {(x,2)|x = [-00, +0],z = 0}

The device width (y-direction) is large so that G (r,r") is independent of y. The two-dimensional problem specifications
and notations are also listed in Figure 2. The computational domain is Qp. T is the silicon layer thickness, or if oxide tunneling
effects is considered, the combined thickness of oxide layer and silicon layer. In this paper, electron tunneling into oxide region
is ignored so that top and bottom boundaries satisfied the homogeneous Dirichlet conditions. Therefore, Equation (15) stated

vi(z) req,
Vi) =35v(x,z) reqQ, (15)
v¥3(z) req,

where r = (x,z) € Q. The relevant Green’s function is denoted by Equation (16).
hz 1 r r !
(E—V(r)+7v-(;V>>G(r,r)=5(r—r), rr € (16)

with V= (6i 9

x’ 0z
difference scheme.

). Self-energies L% (a=1,2) and Green’s function are calculated by FDM which is a second-order central

4. CURRENT-VOLTAGE EQUATIONS FOR NANO-MOSFET

The current-voltage (I-V) equation which is simulated using nanoMOS is shown in Equation (17).

F1/2 (ﬂFr%)
~ Fi20F1)
Fo (nFl_%)
FolnF1)

I

WD = Coxﬁ;(VGS - VT) (17)

where C,, is oxide capacitance, Uy is thermal velocity, 7z, is energy level parameter and F; is Fermi-Dirac integral of order
j. Equation (17) will be plotted in this paper using Scilab to show the significance of NEGF with FDM method in nano-
MOSFET simulation. This equation is derived quantum mechanically as stated in [19]. This equation looks much different
when compared with those equations derived using conventional MOSFET theory. However, there is an intimate relation
between these two approaches. Two I-V equations modified from Equation (17) by adopting traditional MOSFET model are
presented in this paper. The first equation assumes Boltzmann statistics and applies relationship between the near equilibrium
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mean free path for backscattering 4, and the diffusion coefficient D,, D,, = vyA,/2 and Einstein relation. By this way,
Equation (17) can be expressed as in Equation (18).

1
Leff

I 1, 1\t
= ColVos = Vo) (o +20) Vs (18)

with w, = v7do/(2kgT/q), g = VrLess/(2kgT/q) which is ballistic mobility and L. is the effective channel length.
Equation (18) is very suitable for very-short-channel length devices (such as DG nano-MOSFET used in this paper) or

III-V materials with high real mobility [20]. The second equation is obtained under high drain bias by applying Einstein
equation again. Thus, Equation (17) can be expressed as in Equation (19) with critical length of the device is [

Ip _ 1 1 171
2= CoxWVas = VD) [ + g (19)
Equation (19) is useful for describing the electron injection velocity across low-field bottleneck at the beginning of the silicon
channel. The threshold voltage in Equation (17), (18) and (19) are the same, that is 0.20 V as stated in Table 1. To determine
I, drain to source voltage Vs is set to 0.60 V and gate to source voltage Vs is set to 0.60 V.

5. RESULTS AND DISCUSSION

The geometrical structure of 10 nm DG nano-MOSFET is presented in Figure 3 [21-23]. The material used in this device
simulation is Silicon with wafer orientation (001)/direction [100]. Aluminium (Al) metal gate is used to set the proper gate
contact work function. The dielectric insulator used is Silicon Dioxide (SiO»). The rectangular area ABCD which comprises
of oxide layer (Silicon dioxide) and silicon layer is the domain where Poisson equation is solved self-consistently with Green’s
function. The boundary conditions are listed in Equation (20):

V) =1, r € EF,GH
o 20
BZT =0 re€ABBGHCCD,DFEA (20)

where the outward normal of the rectangular area is n and gate voltage is V. The direction of outward normals of the
rectangular area AB, BG, HC, CD, DF and EA are -x, z, z, X, -z and -z, respectively. In this simulation setting, oxide electron
tunneling is ignored. The space charge neutrality is maintained in source and drain by considering floating boundary condition,
which is homogeneous Neumann condition.

Figure 4 shows the I-V curve simulated using nanoMOS with current Equation (17). Figure 5 shows the I-V curve plotted
according to Equation (17) but without NEGF with FDM method. The figure shows a gradual slope in the saturation region.
This slope is equivalent to output resistance of nano-MOSFET. Meanwhile, Figure 5 shows a flat line in saturation region.
This is because nanoMOS uses NEGF with FDM method to compute current quantity whereas this feature is not included in
the programming codes of Scilab. Io, in Figure 4 and Figure 5 are 2500 pA/pm and 2300 pA/um, respectively. These two
readings are 92% matched relative to 2500 pA/pm with nanoMOS is more accurate since the curve show resistance effect. The
output resistance Ry of Figure 4 can be determined from the reciprocal of the slope in the saturation region which is 800 Q-
pum. This value is close to 900 Q-pm as reported by Zhibin Ren [1]. Hence, it is evident that electron quantum transport model
in nanodevices could be properly studied and analyzed using high speed computers which apply NEGF with FDM method.

Top Gate Y

Lead

Bottom Gate

Figure 3. Geometrical structure of DG nano-MOSFET used in simulation
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Figure 4. I-V curve simulated by nanoMOS with Green’s function approach.
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Figure 5. I-V curve plotted using Scilab without Green’s function

Table 2. Benchmarking among other research works

Parameter ITRS Simulated Si Nominal (001)/[100] device Nominal Ge (001)/[100] device
Target | (001)/[100] device [1] [25]
IOH
1500 2500 650 2750
(nA/pm)
Rout
267 800 900 145
(Q-pum)

In order to investigate the compatibility of current equation derived by quantum transport model and classical transport
model, Ion from nanoMOS (Equation (17)) is compared with two conventional MOSFET current equations stated in Equation
(18) and Equation (19). Ion from nanoMOS is 2500 pA/pm. Ion from Equation (18) is 21990 pA/um which is 8.8 times of Isn
from nanoMOS whereas Iy from Equation (19) is 2173 pA/um which is 0.87 times of I,n from nanoMOS. This is because
Equation (18) include ballistic mobility which is commonly found in II1I-V materials with very high mobility or very-short-
channel nanodevices [24]. Meanwhile, Equation (19) is consistent with traditional model except that it is derived under very
high drain bias and electrons diffuse across a short bottleneck at the initial part of the channel. I, of nano-MOSFET is limited
by this diffusion.

205



O. C. YEE AND W. P. VOON, APPLICATIONS OF MODELLING AND SIMULATION, 5, 2021, 200-206

6. CONCLUSION

As MOSFET channel continuously to be downscaled to nanometer regime, electron transport models have been reformulated
from conventional model to quantum model. The quantum model thus derived need to be investigated using computer software
with includes proper methods. In this paper, NEGF with FDM method, as implemented by nanoMOS, has been verified to be
a good choice in term of accuracy where quantum properties, such as current, can be captured in the simulation result. Nano-
transistor device simulation without NEGF with FDM method cannot captured quantum mechanical property properly as
demonstrated by Scilab plot in this paper. Also, conventional models have the shortcoming of not able to describe the quantum
transport properly.
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